The concept of microgrids (MGs) provides the flexibility to integrate renewables into the power network. Nevertheless, the transience of most renewable energy sources (RESs) exacerbates the power quality of the grid network. Furthermore, the unpredictability of RESs additionally becomes challenging in case of high magnitude disturbances. The deployment and optimal utilization of energy storage systems, to act as an energy buffer are hence pertinent. In this paper, a control strategy for a battery energy storage system (BESS) is formulated based on two intelligent decoupled controllers. The objective is the restoration of system voltage and frequency considering a wide range of disturbances and hence circumvent the power quality degradation. The proposed controller is based on hybrid differential evolution optimization and artificial neural network (DEO-ANN). The controller parameters are tuned online by training the ANN with the sets of input and output data obtained during the process of optimizing the two controllers under low and high disturbances using DEO. Finally, the effectiveness of the proposed controller is validated on a power network consisting of a synchronous generator, photovoltaic power system, and BESS. The simulation results prove the robustness of the proposed control approach as compared with a benchmark controller.
The limited resources for conventional power generation in combination with environmental concern has brought about the need for integrating renewable energy resources (RESs) into the existing power grid, such as photovoltaics (PVs), wind turbines (WTs) and hydropower turbines (HTs) [1] . The consolidation of RESs has significantly changed the structural topology of conventional power networks from centralized power generation to distributed generation (DG); typically, small-scale power generations that lie in the close proximity to the load centers [2] . The power quality and reliability of conventional radial distribution networks in several countries have degraded. In accordance, the concept of microgrid (MG) is adopted to obviate and circumvent these network deficiencies [3] , [4] . Small-scale power generation systems (PV, WT, etc.), loads and energy storage devices (ESDs) are typically the general attributes of MG [5] [6] [7] . MGs can be operated on either grid-connected mode or islanded mode [8] .
The control requirements vary, based on the operating mode and the controlled components such as DGs, ESDs and loads [9] . The small-scale DGs can be categorized on the basis of their grid interface as, inertial type or inverter type. Hence, DGs like gas turbines (GTs), micro alternators and, internal combustion engine (ICE) are classified as inertial DGs, that can be directly integrated into the conventional AC grid. Accordingly, the inverter type of DGs requires power electronic interface for grid connection and consists of a power generation system such as PV, WT and fuel cells (FCs) [10] [11] [12] [13] [14] . The ESDs constitute as an energy buffer and contribute to various aspects of power quality improvement [15] . In this front, numerous energy storage systems (ESSs) have been employed, such as flywheel energy storage (FES), supercapacitor energy storage systems (SCESS), superconducting magnetic energy storage systems (SMES) and battery energy storage system (BESS) [16] [17] [18] . In addition to the integration of environmentally friendly power generation sources, RES-MGs offer lower financial responsibilities as compared to conventional centralized bulk power generation. Furthermore, the sensitivity of load towards transmission line interruptions is less severe. In short, valuable goals can be achieved, such as decrement in carbon emissions as well as lower investment costs and enhanced reliability of power supply. Nevertheless, the implementation of MGs has many regulatory and technical challenges. The technical challenges imposed, consist of power quality degradation, coordination of protective relays and dynamic stability issues [7] . Whereas, regulated government pricing, uncompetitive electricity market and a convenient geographical requirement for RESs installment are the associated regulatory challenges. Recently, the concept of MGs has substantially gained global interest. Many kinds of academic and industrial research have been conducted to propose and implement various kinds of MG systems and their associated control strategies for deployment alongside conventional power networks. For instance, the MG project of China [19] , the MG project of Venezuela [20] , the MG research in Federal University of Rio de Janeiro in Brazil [21] , and numerous projects in the United States [22] .
In accordance with the literature, MGs' control strategies are broadly categorized into centralized and decentralized control architecture. In centralized control, the entire system is handled by a central control unit that shares data and information with a distribution control system through communication channels [23] . In this regard, a centralized MG control is presented in [24] . Here, the control strategy is based on the particle swarm optimization (PSO) and fuzzy logic (FL) technique for tuning the parameters of the proportional-integral (PI). The PI parametric tuning is carried according to the online measurements using FL rules. The membership functions of the FL are optimized using PSO. The authors postulated better frequency regulation (FR) in comparison to classical PI controllers and pure fuzzy-based PI controllers. In decentralized control, a dedicated controller is designed for each component of the MG system [25] . A decentralized control approach for FR and reactive power sharing (RPS) is demonstrated in [26] . In this research, power-frequency droop control is designed where the line voltage drop compensation is used to generate the frequency reference and to improve the voltage droop coefficient. Furthermore, a voltage feedback control is introduced to achieve an accurate RPS. The control strategy proposed in this study proves to flexibly and effectively operate under various DG disturbance scenarios. Similarly, a decentralized control strategy directed towards the bidirectional power converter interface that is implemented for optimal AC/DC MG integration has been studied in [27] . The main objective of the proposed control method is to achieve overall power-sharing and smooth transition between grid-connected and autonomous mode. Moreover, an ESS is utilized in the DC sub-grid to provide voltage support during the islanded mode operation. The authors verified the performance of this control strategy by real-time hardware-in-loop (HIL) tests.
ESSs are widely used to enhance the power quality and provide stability support to the MG systems in both grid-connected as well as islanded mode. Numerous prospective ESS-based control strategies have been studied in the literature [28] , [29] . In [30] , a PID-fuzzy controller for BESS is proposed to enhance the power quality in MGs. The efficient utilization of ESS for power quality improvement and consequently overall performance of the system are enhanced further as compared with classical PI controllers. Further, the study in [31] , proposes a controller for BESS that has been designed for voltage and frequency restoration during MG system transience. The designed controller has been tested specifically for two abnormal conditions of the MG; abrupt load changes and fault conditions. However, the performance of these two BESS-based controllers was not satisfactory in terms of response time and fluctuations magnitude. The study in [32] , proposes a BESS-based control strategy to enhance the power quality in grid-tied MGs. However, this strategy is suitable only for low-level disturbances. Likewise in [33] , a SCESS-based controller for MG frequency support is proposed. The controller approach based on structural singular value theory and using the DEO technique to optimize the SCESS controller gains corresponding to the MG requirements. This methodology effectively supports the MG frequency to compensate for system transience conditions. However, does not improve the MG system voltage as well. In [34] , a control strategy to support and regulate the frequency and voltage of the MG during system contingencies have been proposed considering a hybrid energy storage system (HESS), which consists of BESS and SCESS along with distributed generations such as solar PV, WT, FC, and micro-generators. The author has employed a PI-based adaptive online neuro-fuzzy algorithm for optimal power allocation between the HESS components. Accordingly, other control strategies have been proposed in [35] [36] [37] [38] [39] to achieve rapid dynamic response under abnormal conditions of the MG. However, these strategies do not contribute significantly towards improving the power quality and additionally involve complex and tedious calculations.
Owing to the aforementioned analysis, this paper posits an online intelligent control approach based on hybrid differential evolution optimization and artificial neural networks (DEO-ANN). In fact, the idea is to utilize the mutual benefits of both algorithms with an optimal online tuning of two decoupled BESS-based controllers and hence improve the MG power quality. As mentioned earlier, one of the major technical concerns in MG applications is to improve the power quality of the system subjected to disturbances; particularly the problem becomes very challenging in case of unknown disturbances with significantly higher magnitude. Hence innovative hybrid intelligent control approaches are vital to cope with the problem. To the best of author's knowledge, this approach has not been proposed earlier in the literature. In this paper, the MG system under consideration consists of a synchronous generator (SG), PV, and BESS. The two decoupled BESS-based controllers have been designed to achieve optimal operation under low and high magnitude disturbances; consequently, enhancing the MG power quality by maintaining the voltage and frequency deviations at the point of common coupling (PCC) under permissible limits. The proposed controller is optimized to effectively operate under several operating conditions using the DEO technique; the collected input and output sets are used to train the ANN to perform an online tuning of the controllers' parameters. The robustness of the proposed controllers is computationally validated under random low and high magnitude disturbances. Finally, a comparative study is performed with and without the implementation of the controllers and with the benchmark PID controller. The main advantage achieved with this controller is ease of implementation and rapid response towards voltage and frequency restoration. However, the proposed decoupled control strategy is applicable only for gridconnected MGs.
The rest of the paper is organized as follows: Section II describes the problem and the MG system configuration. In Section III, detailed mathematical modeling of the MG is presented. Section IV demonstrates the proposed decoupled control approach and problem formulation. The simulation results are discussed in section V. Finally, the conclusion is given in Section VI.
II. PROBLEM DESCRIPTION
MGs are exposed to many kinds of disturbances, for instance, the intermittency of the renewable generators, sudden loads shedding, and power system faults. Thus, appropriate control techniques are vital in order to restore the system to steady-state conditions and improve the power quality of the MG system. In this paper, two online intelligent decoupled BESS-based controllers are proposed to improve the MG power quality subjected to low and high magnitude disturbances. The detailed single line diagram (SLD) of the MG under consideration is shown in Fig. 1 . The DEO technique is employed to optimize the parameters of the two controllers under a wide range of disturbances. The optimized parameters of the two controllers and the corresponding disturbances are arranged in input and output training sets to train the ANNs for optimal online tuning of the controllers' parameters. Finally, the proposed intelligent control approach is evaluated under random low and high magnitude disturbances, and its performance is compared with a benchmark controller.
III. MICROGRID SYSTEM MODEL
The mathematical representations of the MG system under consideration in this paper are provided in the following subsections.
A. SYNCHRONOUS GENERATOR
The SG can be represented mathematically by four differential equations that describe its dynamic behavior. The angular displacement, the angular frequency, the field voltage along the direct axis, and the internal voltage along the quadrature axis are described in (1), (2), (3), and (4), respectively. 
B. PHOTOVOLTAIC SYSTEM
The PV cell simplified circuit model is shown in Fig. 2 .
It consists of a current source, a photodiode, and a series resistor. The dynamic behavior of the PV system can be represented by eight differential equations that describe the PV cell, the DC/DC boost converter, the voltage source inverter (VSI), and the low pass (LP) filter [34] . The following subsections describe in detail the PV system model.
1) BOOST CONVERTER AND VOLTAGE SOURCE INVERTER
The DC/DC boost converter circuit model is presented in Fig. 3 . As can be seen, it consists of a series inductor, an insulated-gate bipolar transistor (IGBT), a diode, and a DC linking capacitor. The DC linking capacitor is mandatory to maintain constant input voltage to the VSI.
The DC/AC VSI equivalent circuit model is presented in Fig. 4 . It operates in Pulse-width modulation (PWM) mode with two controlling parameters, which are the modulation index and the phase angle. The mathematical expressions in (5), (6), (7) , and (8) represent the PV cell output current, the DC linking capacitor voltage, the output current of the VSI in the d-axis, and the output current of the VSI in q-axis, respectively.
2) LOW PASS FILTER AND TRANSMISSION LINE
The LP filter circuit and the coupling transmission line model are shown in Fig. 5 . The LP filter capacitor voltage in d-axis, the LP filter capacitor voltage in q-axis, the LP filter output current in d-axis, and the LP filter output current in q-axis are expressed in the following mathematical expressions (9), (10), (11) and (12), respectively.
3) BATTERY ENERGY STORAGE SYSTEM
The BESS circuit model is shown in Fig. 6 . It consists of a DC voltage source, a series resistor, and a DC linking capacitor connected to the PCC bus through VSC. The BESS can be modeled mathematically by three differential equations that represent the DC linking capacitor voltage (13) , the BESS output current in d-axis (14) , and the BESS output current in the q-axis (15) [34] . 
IV. THE PROPOSED APPROACH
Two intelligent decoupled BESS-based PI controllers are proposed in this paper to improve the MG power quality by restoring the MG voltage and frequency to normal operating conditions following a disturbance. The two intelligent controllers are designed based on hybrid DEO and ANNs techniques. The MG voltage and frequency are decoupled by independently controlling the BESS output active and reactive power. Fig. 7 shows the proposed control approach diagram, where the phase angle and the modulation index of the VSC are controlled separately by two BESS-based PI controllers. The phase angle controls the BESS active power needed to be supplied or absorbed. Whereas, the modulation index controls the amount of reactive power required to be supplied or absorbed by the BESS. As per the expressions (16) and (17), the voltage and frequency of the MG are compared with reference values at first. Then, the mismatches, which represent errors, are entered into the two PI controllers in order to be minimized. After that, the developed hybrid approach tunes the controllers with the optimal parameters based on the disturbance level.
Consequently, the BESS supplies or absorbs the needed amount of active and reactive power, based on the stability requirements of the MG system. The active power will enhance MG frequency by damping the system oscillations. Whereas, the reactive power will improve the MG PCC bus voltage profile. As a result, the overall power quality of the system is improved.
Searching the optimal controllers' parameters can be formulated as two optimization problems, where the two objective functions are the minimization of the voltage integral squared-error (ISE) (18) and the frequency ISE (19) .
The above two objective functions are subjected to the following constraints:
-The permissive operation limits of MG frequency and PCC bus voltage in per-unit values.
0.999 ≤ Frequency ≤ 1.001 0.95 ≤ Voltage ≤ 1.05 -The two PI controllers' parameters limits and maximum overshoot response.
Overshoot ≤ 10%
As known, there is a tradeoff between stabilization time and overshoot in PI controller response such that the proportional parameters (K Pω and K Pv ) affect the overshoot, and the integral parameter (K I ω and K Iv ) affect the stabilization time [40] . Hence, predefined ranges for the controller parameters are required to ensure that the response of the system will not violate the prescribed operation limits for the MG frequency and voltage. The limits for the controllers' parameters have been determined by trial and error during the simulation and observing the optimal parameter values that do not adversely jeopardize the response of the system.
The proposed hybrid optimization approach is based on the DEO and ANN techniques. The DEO is a powerful stochastic optimization technique that is distinguished by its simplicity and robustness. Besides, it can solve complex nonlinear problems and converge fast to the optimal solution. The DEO is a population-based optimization algorithm which operates through similar computational steps as employed by a standard evolutionary algorithm (EA). The EA uses iterative progress, such as growth or development in a population that is selected in a guided random search using parallel processing to achieve the desired objective. Contrasting other EA methods, the DEO is very immune against falling into local optimums and has less setting parameters [41] [42] [43] .
The setting parameters of the DEO technique are presented in Table 1 . The optimal generation number and population size are determined by experience and by trial and error during the simulation. Fig. 8 and Fig. 9 show the convergence of the two objective functions (18) and (19) over 100 generations for different levels of disturbances from 1 p.u to 4 p.u. It can be observed from the two figures that the selected setting parameters for the DEO algorithm ensure that the optimal solution is reached for both objective functions.
The flow chart in Fig. 10 describes in detail the DEO technique. After Appling a disturbance, the DEO algorithm starts first with an initial population of 50 solutions (i.e., controllers' parameters) that have been randomly initialized. Then, the objective functions are calculated as per the expressions (18) and (19) for all the randomly initialized controllers' parameters. The best parameters that give the minimum voltage ISE and frequency ISE values are searched and saved. Each population undergoes a mutation and crossover process in order to get new generations, and the best solutions are searched again and saved. In doing so, the algorithm checks the stopping criteria, which is reaching up to 100 generations that is the maximum generation number (MAX_GEN_NUM) in this paper. Finally, when the stopping criteria is reached, the algorithm stops and gives the optimal parameters for the two decoupled PI controllers. The proposed hybrid DEO and ANN approach is described in Algorithm 1. As can be seen, the algorithm starts with applying a disturbance level ranging from 0.1 p.u to 4 p.u. in steps of 0.013 p.u to the MG system. In this paper, 300 levels of disturbances have been applied. These disturbances simulate sudden changes in the input mechanical torque of the SG. After that, the algorithm runs the DEO to find optimum controllers' parameters of the two decoupled BESS-based PI controllers for each disturbance level as described in Fig. 10 . Then, the obtained optimal parameters, as well as the disturbances, are used to develop and train the ANN, as shown in Fig. 11 . The input to the ANN is the disturbance levels, and the output of the ANN is the optimal controllers' parameters. The developed network consists of one input layer, one hidden layer with 300 neurons, and one output layer with four neurons. This kind of ANNs called multi-layer feed-forward neural network (MLFFNN), which is the most popular structure of ANNs. In this paper, the constructive technique is used to construct the hidden layer neurons of the developed ANN. The activation functions for the hidden neurons and the output neurons were the commonly used functions, i.e. the tangent sigmoid and the linear function, respectively. The backpropagation training function ''trainlm'' in the ANN toolbox in MATLAB has been implemented to train the ANN for each operating condition. This training function compares the obtained controller outputs with the targeted outputs. Then, the error signal is propagated back to adjust the ANN weighting matrices and biases, according to Levenberg-Marquardt optimization [44] . The training process continues until getting the optimal ANN that can identify the optimal controllers' parameters for any disturbance level within the training range. Fig. 12 and Fig. 13 show the training data fit and performance curves of the developed artificial neural network, respectively. As can be seen in Fig. 12 the training data (in black circles) are perfectly fit in the regression line (in blue) with correlation factor R = 1. Additionally, it can be observed from Fig. 13 that the best training performance found to be at Epoch number 5 with MSE converges to zero, which indicates that the developed ANN is well trained.
V. RESULTS AND DISCUSSIONS
In order to verify the effectiveness and robustness of the proposed control approach, two randomly generated low-level and high-level disturbances between (0.1 p.u) and (4 p.u) have been applied to the MG system. The dynamic responses of the system with and without the action of proposed controllers along with a performance comparison with the well-known benchmark PID controller are provided in the following subsections. In fact, the PID controller is widely used as a benchmark controller, and many papers in the literature compare the performance of their proposed controllers with the performance of the classical PID controller [30] [31] [32] [33] [34] .
A. AT LOW-LEVEL DISTURBANCES
A random low magnitude disturbance has been generated (0.512 p.u) and applied to the MG system. The proposed two decoupled controllers have generated the optimal controllers' parameters, as shown in Table 2 .
The optimal controllers' parameters at a low-level disturbance. Fig. 14 and Fig. 15 show the dynamic responses of the MG system frequency and voltage with the action of the proposed DEO-ANN decoupled controllers (in red), the PID controller (in blue), and without controller actions (in dotted green). It can be observed that in the absence of the control action, the oscillations in the MG system frequency and voltage continue for a more extended period of time. However, with the action of the proposed DEO-ANN controllers, the oscillations are damped quickly and returned to the steady-state condition in less than 2 seconds. Furthermore, the proposed DEO-ANN controllers performed better than the PID controller in terms of stabilization time and overshoot, as can be seen in the following two figures.
The BESS mitigates the oscillations of the MG system quantities by injecting or absorbing the required amount of active and reactive power properly. The active power contributes to frequency stability, and the reactive power recovers the MG voltage to steady-state conditions. Thus, the MG system's overall power quality is improved. Fig. 16 and Fig. 17 show the BESS dynamic performance subjected to the applied disturbance level with and without the action of the proposed DEO-ANN controllers as compared with the PID controller response. As can be seen, without appropriate control, the BESS active and reactive power fluctuate for an extended period of time. Whereas, with the presence of the proposed DEO-ANN controllers, the BESS restored the system to normal operating conditions in about 1.5 seconds.
Moreover, the proposed DEO-ANN controllers achieved superior performance over the PID controller in both stabilization time and overshoot. Therefore, the effectiveness of the proposed control approach has been verified under low-level disturbances.
B. AT HIGH-LEVEL DISTURBANCES
In order to verify the robustness of the proposed two decoupled controllers, a random high magnitude disturbance has been generated (3.287 p.u) and applied to the MG system. The optimal parameters generated by the two proposed controllers are shown in Table 3 .
The optimal controllers' parameters at a high-level disturbance. Fig. 18 and Fig. 19 show the variations in the MG system frequency and voltage, respectively. It can be observed from these two figures that without a control action, the MG system frequency and voltage oscillate for more than 10 seconds. However, the proposed DEO-ANN controllers restored the system to the steady-state condition in less than 2 seconds. Additionally, the proposed DEO-ANN controllers achieved less stabilization time and response overshoot as compared with the PID controller.
In order to show the superiority of the proposed control approach at critical disturbances, the proposed controller has been compared with the PID controller in terms of the following performance indices; Integral of Absolute Error (IAE), Integral of Squared Error (ISE), Integral of Time multiplied Squared Error (ITSE), Integral of Time multiplied Absolute Error (ITAE), overshoot, and settling time. These indices are the most performance measures that are considered in control design [45] . Table 4 and Table 5 show a quantitative comparison between the performance of the proposed DEO-ANN controller and the PID controller for the MG frequency and voltage response. As can be seen, at critical disturbances, the proposed controllers surpassed the PID controller in all the performance measures. Fig. 20 and Fig. 21 show the BESS dynamic performance subjected to the applied high magnitude disturbance in the presence and absence of the controllers' actions. It can be noticed that the uncontrolled case leads to continuous oscillations in the BESS active and reactive power. However, the dynamic responses with the proposed DEO-ANN controllers are improved, and the BESS active and reactive power restored to normal operating conditions in less than 2 seconds. Furthermore, the proposed DEO-ANN controllers have also achieved better performance at higher magnitude disturbances as compared with the PID controller in both stabilization time and overshoot. Hence the robustness of the proposed control approach has been verified under high magnitude disturbances.
It can be observed from the simulation results that the proposed DEO-ANN controllers have successfully managed the active and reactive power flow from and to the BESS in order to improve the MG power quality. Furthermore, the proposed DEO-ANN controllers performed better in terms of all the above performance indices when compared with the benchmark PID controller. Moreover, the proposed DEO-ANN controllers in all the given disturbance scenarios were capable of keeping both the percentage of overshoot along with stabilization time to the minimum level without violating the prescribed constraints. Hence, the simulation results have proven the effectiveness and robustness of the proposed control approach.
VI. CONCLUSION
An intelligent decoupled BESS-based control approach has been proposed in this paper to improve the MG power quality subjected to higher magnitude disturbances; particularly, frequency and voltage restoration to steady-state conditions are targeted. The overall control approach is based on the combination of two key techniques, DEO and ANN, hence making a hybrid control system actually to utilize the complementary benefits of both techniques. The MG frequency and PCC bus voltage have been maintained within prescribed operating limits during normal and abnormal conditions. The parameters of the two BESS-based controllers have been optimized using the DEO technique under different levels of disturbances. Consequently, the optimized controllers' parameters and the corresponding disturbances are arranged in input and output sets in order to train the ANN for optimal online tuning of the two BESS-based controllers. Finally, the proposed intelligent control approach has been evaluated under random low and high magnitude disturbances in order to verify its performance as compared with the benchmark PID controller. The simulation results proved the effectiveness and robustness of the proposed control approach. Future work will be on extending the proposed control strategy to be applicable for autonomous microgrids. MUHAMMAD KHALID received the Ph.D. degree in electrical engineering from the School of Electrical Engineering and Telecommunications (EE&T), University of New South Wales (UNSW), Sydney, Australia, in 2011, where he was a Postdoctoral Research Fellow for three years, and then, he continued as a Sr. Research Associate with the School of EE&T, Australian Energy Research Institute, for another two years. He is currently an Assistant Professor with the Electrical Engineering Department, King Fahd University of Petroleum and Minerals (KFUPM), Dhahran, Saudi Arabia. He is also a Researcher with the K.A.CARE Energy Research and Innovation Center. He has authored/coauthored several journal and conference papers in the field of control and optimization for renewable power systems. His current research interests include the optimization and control of battery energy storage systems for large-scale grid-connected renewable power plants (particularly wind and solar), distributed power generation and dispatch, hybrid energy storage, EVs, and smart grids.
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